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Yellow Pigment Determination for Single Kernels of Durum Wheat (Triticum durum Desf.)
Among the phytonutrients, the carotenoids have important roles in disease prevention. They are important natural pigments that have a wide distribution, and in plants their biological properties are related to their structures (Van den Berg et al 2000; Hirschberg, 2001; Della Penna and Pogson, 2006) . As part of the human diet, carotenoids have significant antioxidant activities, and as such, they play important roles in reducing the incidence of age-related and chronic diseases (Krinsky 1994; Jacobs et al 1998; Mares-Perlman et al 2002; Granado et al 2003; Cuttriss and Pogson 2004; Garcia-Casal 2006; Pogson et al 2006) .
Wheat is a staple of the human diet, and it supplies significant amounts of dietary carbohydrate and protein. Even though wheat contains a lower concentration of carotenoids than most vegetables and fruits, it has also become a useful source of antioxidant compounds because it is consumed frequently (Andlauer and Fürst 1998; Baublis et al 2000; Miller et al 2000; Meydani 2002 ).
The carotenoid concentration of durum wheat is a criterion for the assessment of semolina quality, as well as adding to the nutritional value, and these carotenoids are of particular importance in determining the color of pasta, which is a property widely appreciated by consumers. The color of the end products is based on the pigmentation of the durum wheat varieties used in their manufacture and on processing conditions and various enzyme activities (Borrelli et al 1999 (Borrelli et al , 2003 (Borrelli et al , 2008 Trono et al 1999; Troccoli et al 2000; Verlotta et al 2010) .
Although environmental factors have important roles in the carotenoid concentrations in cereals, the genetic component is predominant (Parker et al 1998; Elouafi et al 2001; Digesù et al 2009) . Thus, there is significant potential for providing health benefits without significantly altering the diet of the consumer, as this genetic component can allow the carotenoid concentration to be manipulated to produce raw materials with higher pigmentation and to retain the color during pasta production (Leenhardt et al 2006) .
Several analytical procedures have been developed to evaluate the yellow pigment concentration (YPC) in durum wheat semolina and pasta (Fratianni et al 2005) . The methods most commonly used are based on light reflectance measurements (colorimetric methods) and spectrophotometric determinations after extraction of the pigments. However, the methodological improvements proposed by Beleggia et al (2010) can significantly increase analytical throughput and applicability, which allows easier screening of large populations during assisted-breeding programs for durum wheat, particularly when the material available is limited. However, the distribution of the pigment might vary within the ear of the wheat, as is also seen for other traits, such as kernel weight. For this reason, it becomes important to analyze the variations in YPC along the wheat ear to determine not just the varieties but also the individual kernels with a different color. This determination will provide the information needed to define the kernel-sampling protocol for high-throughput strategies.
Here we report on the use of a micromethod for the determination of YPC of single wheat kernels, with evaluation of the color distribution of these pigments along the wheat ear for different durum wheat genotypes.
MATERIALS AND METHODS

Materials
Six durum wheat (Triticum durum Desf.) cultivars were used in this study: Arcobaleno, Cappelli, Creso, Preco, Primadur, and Trinakria. They were selected according to their variable carotenoid concentration as observed in the previous work by Beleggia et al (2010) .
The genotypes were grown in a growth chamber under conditions that have been established to simulate the natural growing season in the field: 10 days in complete darkness at 6°C with relative humidity (rh) of 70%; 12 days with a 10/14 hr light/dark regime at 8/6°C with rh of 70%; 10 days with a 15/9 hr light/dark regime at 12/8°C with rh of 55%; 10 days with a 15/9 hr light/dark regime at 15/10°C with rh of 50%; 10 days with a 15/9 hr light/dark regime at 20/15°C with rh of 45%; and finally, until full maturation, a 16/8 hr light/dark regime at 23/18°C with rh of 40%. The light was provided by Osram HQI-E 250-watt lamps, with an intensity of 1 mmol/(sec·m 2 ). For each variety, five plants were grown in the same pot by using a mixture of soil (clay-loam), sand, and peat in a 6:3:1 ratio. The pots filled with soil were standardized for weight, and their full weights were measured. At presowing and at the emergence of shoots, chemical fertilizers were applied (60 kg/ha of P as ammonium biphosphate [46% P] and 90 kg/ha of N as ammonium nitrate [26% N], respectively). At tillering, an additional dose of nitrogen (65 kg/ha) was given, divided between two applications a week apart. Irrigation was performed daily with tap water, including weighing pots and bringing them back to 80% of full weight. For each of the plants, the ear of the main culm was collected, and it was divided according to the central (C) and lateral (L) sections within the ear. For the C positions, the seeds were divided further, according to their apical (a), middle (m), and basal (b) positions; the L sections were considered as a whole because of the low numbers and the different numbers of seeds that grew in this section for each genotype (Fig. 1) .
After position identification, each single kernel was dried in a vacuum oven at 30°C until the weight was constant and then ground manually to a powder using a mortar and pestle, and then its color was determined.
YPC Determination
The YPC was determined using the micromethod reported by Beleggia et al (2010) .
After each single seed was ground to a powder, it was individually extracted with 250 L of water-saturated 1-butanol for 15 min in an ultrasonic bath at room temperature. The samples were then centrifuged at 22,000 × g for 10 min, with 200-μL aliquots of the extract supernatant analyzed. These samples were injected manually directly into a UV-Vis HPLC detector (model UV-900, Amersham Pharmacia Biotech, Uppsala, Sweden). The YPC of each individual extract was calculated directly from the absorbance at 435 nm with the conversion factor of 1.6632 and expressed as β-carotene (1 mg of this pigment in 100 mL of watersaturated 1-butanol has an optical density of 1.6632 in a 1-cm cuvette at a wavelength of 435 nm).
Statistical Analysis
The data are presented as means  standard error or variation interval. For each genotype investigated, the mean was calculated considering all seeds of the five ears. Statistically significant correlations were determined according to the Pearson coefficient, and to ascertain the differences between the means, analysis of variance was followed by Tukey's honest significant difference test or t-tests (P = 0.05) performed using the JMP statistical package (version 8, SAS Institute, Cary, NC).
RESULTS AND DISCUSSION
Wheat breeding has generally focused more on improving yields, yield stability, disease resistance, and the technological properties and to a lesser extent on kernel color. However, although the YPC in wheat is low, there is significant genetic variation that shows only partial influence from environmental factors. Thus, durum wheat semolina has recently received considerable attention with a view to improvements to the yellow color in the end products, such as pasta. Studies are thus underway to identify the major genes and the quantitative trait loci that are associated with high carotenoid concentrations (De Vita et al 2007; Digesù et al 2009) . Indeed, the development of a rapid screening method for kernel and semolina color has facilitated increasing the yellow color in the kernels of the new durum wheat cultivars that have been developed over the last two decades, and marker-assisted selection might allow additional improvements in the future.
Studying YPC is a widely used approach to comparing the color intensities of extracts of durum wheat or samples of durum wheat products. In this study, after the identification of the position of each kernel within the wheat ear (Fig. 1) , the color of each single kernel was determined using the micromethod reported by Beleggia et al (2010) . Table I shows the variations in YPC and pigment content among the durum wheat cultivars investigated. For the YPC trait, 69.6% of the total variance was principally owing to genotyping effects. As shown in Table I , for YPC, significant differences were observed between the cultivars, in agreement with the results from Beleggia et al (2010) , with the Preco and Primadur cultivars showing the highest YPC values. The Cappelli and Trinakria cultivars showed the lowest values, and the Arcobaleno and Creso cultivars showed intermediate values. The main kernel position within the wheat ear represented 3.8% of the total variance; the L positions of the kernels showed significantly higher YPC than did the C positions. Regarding the mean content of pigments (52.9% of the total variance was owing to the genotyping effect and 17.5% to the main position), a more significant differentiation between cultivars was observed; Preco and Arcobaleno had the highest and lowest values, respectively. Regarding the difference between the C and L positions, an opposite trend to that of YPC was observed for the pigment content.
To consider the applicability of the micromethod for the determination of YPC for a single seed, ten random resamples were conducted among all data on YPC for the six durum wheat cultivars, and they were correlated with the mean data obtained by Beleggia et al (2010) for pooled kernel samples for the same cultivars (mean R 2 = 0.82, range = 0.54-0.96). Figure 2 shows the Pearson correlation of the mean values (considering all singleseed data for each genotype) with the mean data on pooled kernel samples for the same cultivars. As reported, the correlation was high, confirming that the micromethod for YPC determination was optimal for the color analysis of single seeds.
As for YPC, Table II gives the variations in kernel weights among these different durum wheat cultivars. The genotyping effect here was 48.4% of the total variance, and the differences were significant for the Trinakria and Primadur cultivars, which showed the highest and lowest kernel weights, respectively. The main positions of the seeds along the ear also had important effects on the kernel weights (27.7% of the total variance). Here, the comparison between the C and L sections showed a significant difference, although in contrast to YPC, the highest values were detected for the C kernels. Tables III and IV give the data for the variations in YPC and kernel weights, respectively, along the ears for the different genotypes investigated. For YPC, a high percentage of the total variance was seen, as up to 67% for all kernel positions depended on genotyping effects. The data were significantly different among the cultivars, and it was possible to identify the varieties with high, medium, and low YPC for all of the ear regions considered. The Preco and Primadur cultivars showed the highest YPC, whereas the lowest YPC was seen for the Cappelli cultivar. Although the results were similar for all positions considered, the best results, showing the highest percentage of total variance depending on genotyping effects, were obtained for the bC position (81%). This result was similar to those obtained in a previous study reported by Beleggia et al (2010) in which YPC was determined on pooled kernel samples.
Again, similar to YPC, the genotyping effect was also predominant for the kernel weights along the ear for all of the positions (the total variance explained was up to 65%). The best results, showing the highest percentage of total variance depending on genotyping effects, were seen for the bC and mC positions (69.9% and 75.4%, respectively). A similar trend was observed for these positions within cultivars, whereas across cultivars there were significant differences, with the Trinakria and Cappelli cultivars showing the highest mean kernel weights and the Primadur cultivar showing the lowest. The Trinakria and Primadur cultivars also showed the highest and lowest weights, respectively, for the L and aC positions.
Finally, Figure 3 illustrates the Pearson correlation between YPC and kernel weights of the single kernels of all six durum wheat cultivars investigated.
The slight negative correlation of YPC with kernel weight, whereby increases in grain starch in the larger kernels reduce the proportion of pigments, confirms the dilution effects observed in previous studies by Clarke et al (2006) , Zhang et al (2008) , and Digesù et al (2009) and determines the opposing trend of pigment content reported in Table I . Moreover, although the C location is characterized by the same number of kernels for all of the cultivars studied, the L positions have higher variability, with fewer kernels (which were often absent) in the less-colored genotypes, and therefore the L kernels are neither representative nor suitable for selection.
CONCLUSIONS
In the present study, we initially investigated the applicability of the micromethod developed by Beleggia et al (2010) for the determination of the YPC of individual wheat kernels, which then allowed us to study the pigment variations along the ears of different durum wheat cultivars. The results obtained suggest that the C positions of the ears are the most stable for YPC, even though the L seeds are more highly colored. The higher color seen for the kernels from the L section probably results from the smaller kernel size.
All of the cultivars investigated showed similar trends in the arrangements of the kernels within the ears, with the C area characterized by the largest kernels. Within C, the b and m regions provided the best data, with the same significant differences. Thus, the best combination of higher YPC and larger kernel size was seen for the bC region, which can be used for the selection of cultivars with a higher yellow color and an enhanced phytochemical composition.
The knowledge of which kernel positions are preferable for determination of YPC will aid plant breeders in the screening and selection of varieties with higher YPC when the entire wheat ear is available, allowing also the use of a half-seed (if necessary) for color determination.
